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ABSTRACT
Galactic outflows are believed to play an important role in regulating star formation in galaxies,
but estimates of the outflowing mass and momentum have historically been based on uncertain
assumptions. Here, we measure the mass, momentum, and energy outflow rates of seven
nearby star-forming galaxies using ultraviolet absorption lines and observationally motivated
estimates for the density, metallicity, and radius of the outflow. Low-mass galaxies generate
outflows faster than their escape velocities with mass outflow rates up to twenty times larger
than their star formation rates. These outflows from low-mass galaxies also have momenta
larger than provided from supernovae alone, indicating that multiple momentum sources drive
these outflows. Only 1-20% of the supernovae energy is converted into kinetic energy, and
this fraction decreases with increasing stellar mass such that low-mass galaxies drive more
efficient outflows. We find scaling relations between the outflows and the stellar mass of their
host galaxies (M∗) at the 2-3σ significance level. The mass-loading factor, or the mass outflow
rate divided by the star formation rate, scales as M−0.4∗ and with the circular velocity as v−1.6circ .
The scaling of the mass-loading factor is similar to recent simulations, but the observations
are a factor of five smaller, possibly indicating that there is a substantial amount of unprobed
gas in a different ionization phase. The outflow momenta are consistent with a model where
star formation drives the outflow while gravity counteracts this acceleration.
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1 INTRODUCTION
In actively star forming galaxies, high-mass stars inject energy and
momentum into the surrounding gas, heating and accelerating the
gas out of star-forming regions as a galactic outflow (Heckman
et al. 2000; Veilleux et al. 2005; Erb 2015). Models suggest that
removing this residual mass and energy from star-forming regions
regulates star formation in galaxies (Dekel & Silk 1986; White &
Frenk 1991; Katz et al. 1996; Hopkins et al. 2014). Consequently,
galactic outflows are a ubiquitous component of modern galaxy
formation and evolution simulations (Springel & Hernquist 2003;
Hopkins et al. 2014; Vogelsberger et al. 2014; Schaye et al. 2015).
However, it is computationally infeasible, at the moment, to fully
resolve all of the necessary physics to drive galactic outflows, and
simulations typically scale the mass and energy outflow rates with
properties of their host galaxy, like the star formation rate (SFR)
or stellar mass (M∗; Springel & Hernquist 2003; Oppenheimer &
Davé 2006; Somerville & Davé 2015).
? Contact email: John.Chisholm@unige.ch
The mass and energy outflow rates are challenging to observe.
Outflows are diffuse structures with uncertain geometries that span
different ionization states and metallicities (Heckman et al. 1990,
2000; Veilleux et al. 2005), which are challenging to observationally
constrain. Many studies use a single absorption line to trace both
the density and kinematic information of the outflowing gas, but
rely on assumptions for the ionization corrections, metallicities,
and outflow radii to derive mass outflow rates (Rupke et al. 2005;
Martin 2005; Weiner et al. 2009; Rubin et al. 2014; Heckman et al.
2015). These assumptions may introduce an order of magnitude
scatter into the observed relations (Murray et al. 2007).
In a series of papers we have used a sample of nearby star-
forming galaxies with ultraviolet spectra from the Cosmic Origins
Spectrograph (COS; Green et al. 2012) on the Hubble Space Tele-
scope to characterize the physical conditions within galactic out-
flows. In Chisholm et al. (2015) (hereafter Paper I), we define a
sample of 48 nearby star-forming galaxies, our method to fit the
stellar continuum, and characterize the absorption kinematics. We
then use the Si ii absorption profiles to find shallow scaling rela-
tions between outflow velocities and their host galaxy properties. In
© 2016 The Authors
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Galaxy name log(M∗) vcirc SFR SFRCOS log(O/H)+12 Proposal ID References
[log(M)] [km s−1] [M yr−1] [M yr−1] [dex]
SBS 1415+437 6.9 18 0.02 0.02 7.6 11579 8
1 Zw 18 7.2 21 0.02 0.02 7.2 11579 8
MRK 1486 9.3 82 3.6 2.5 8.1 12310 2, 6, 10, 11, 12
KISSR 1578 9.5 94 3.7 2.1 8.1 11522 3, 14
Haro 11 10.1 137 26 12 8.1 13017 1, 7
NGC 7714 10.3 156 9.2 3.1 8.5 12604 4, 5, 13
IRAS 08339+6517 10.5 179 14 4.7 8.5 12173 9
NGC 6090 10.7 202 25 5.5 8.8 12173 9
Table 1. Derived galaxy properties (see § 2.1 for sample selection details). The first column gives the name of the galaxy, the second column gives the stellar
mass (M∗), the third column gives the circular velocity of the galaxy (vcirc) calculated using a Tully-Fischer relation (Reyes et al. 2011), the forth column gives
the star formation rate of the entire galaxy (SFR), the fifth column corrects the total SFR for the fact that COS resolves a portion of the total galaxy (SFRCOS),
the sixth column is the oxygen abundances (log(O/H)+12) taken from Chisholm et al. (2015), the seventh column is the HST proposal ID, and the last column
lists previous references for the data that we use. References for the targets are coded as: (1) Alexandroff et al. (2015), (2) Duval et al. (2016), (3) France et al.
(2010), (4) Fox et al. (2013), (5) Fox et al. (2014), (6) Hayes et al. (2014), (7) Heckman et al. (2015), (8) James et al. (2014), (9) Leitherer et al. (2013), (10)
Östlin et al. (2014), (11) Pardy et al. (2014), (12) Rivera-Thorsen et al. (2015), (13) Richter et al. (2013), and (14) Wofford et al. (2013).
Galaxy name ÛMo/SFRCOS ÛEo/ ÛESFR Ûpo/ ÛpSFR Mo Ri
(106 M) (pc)
SBS 1415+437 19 ± 17 0.21 ± 0.18 5.7 ± 5.0 0.2 40
1 Zw 18 11 ± 8.0 0.15 ± 0.11 3.7 ± 2.6 0.3 62
MRK 1486 0.91 ± 0.33 0.03 ± 0.01 0.48 ± 0.18 1 45
KISSR 1578 2.0 ± 0.57 0.09 ± 0.03 1.27 ± 0.35 2 54
Haro 11 1.2 ± 0.51 0.05 ± 0.02 0.70 ± 0.29 14 101
NGC 7714 0.23 ± 0.08 0.009 ± 0.003 0.13 ± 0.04 0.34 33
IRAS 08339+6517 0.07 ± 0.03 0.007 ± 0.004 0.06 ± 0.03 0.02 13
NGC 6090 0.54 ± 0.18 0.02 ± 0.006 0.28 ± 0.09 1.9 63
Table 2. Derived outflow properties. The first column gives the name of the galaxy, the second column column gives the maximum mass outflow rate divided
by the SFR in the COS aperture ( ÛMo/SFRCOS), the third column the maximum energy outflow rate divided by the energy from supernovae within the COS
aperture ( ÛEo/ ÛESFR), the fourth column gives the maximum momentum outflow rate divided by the direct momentum from supernovae within the COS aperture
( Ûpo/ ÛpSFR), the fifth column gives the mass at the inner radius of the outflow, and the last column gives the inner radius of the outflow. We calculate the errors
using a Monte Carlo method (see § 3.3 for details). All the values for IRAS 08339+6517 are upper limits because the profile is not fit by our model, and we
exclude this galaxy from the sample (see § 4.3).
Chisholm et al. (2016a) (hereafter Paper II) we extend this analysis
to the O i, Si iii, and Si iv transitions, which span a factor of three
in ionization potential, and probe both neutral and ionized gas. We
find that the moderately ionized Si iv and neutral O i are co-moving,
implying that we are observing a single outflowing structure. We
then use the equivalent width ratios to study the ionization struc-
ture of the outflows, and find that the outflow equivalent widths
are reproduced by photoionization models, if the observed O and
B stars ionize the outflow. Using these photoionization models, we
estimate the ionization structure, the metallicity, and the total hy-
drogen density at the base of the outflow. These values vary from
galaxy-to-galaxy, and each galaxy requires a unique photoioniza-
tion model. Finally, in Chisholm et al. (2016b) (hereafter Paper III)
we fit detailed models of the Si iv 1402Å line profile to determine
the acceleration, the radial density structure, and the inner radius of
the outflow from the starburst NGC 6090. We combine these mea-
surements with detailed photoionization models to derive a velocity
resolved mass outflow rate with observationally motivated values
for the metallicity, ionization correction, and physical extent of the
outflow.
Here, we extend the analysis of Paper III to a sample of 7 nearby
star-forming galaxies with the highest signal-to-noise UV spectra.
We first briefly describe the data analysis and how we characterize
the outflow (§ 2). In § 3.2, we then examine the physical picture
suggested by the observations, and use it to inform our calculation of
the mass, momentum, and energy outflow rates (§ 3.3). In § 3.3.1 we
normalize the outflow energetics by the mass and energy produced
by supernovae, and explore the scaling relationswith the stellarmass
of the galaxies. Finally, in § 4 we compare the values to previous
observations and simulations (§ 4.1), explore the implications of
these relations for driving galactic outflows (§ 4.2), and discuss a
galaxy that our model does not fit (§ 4.3). In a companion paper,
we will explore how the physical properties of galactic outflows
(metallicity, density, radius and velocity structure) scale with host
galaxy properties, and their implications for the mass-metallicity
relation and the enrichment of the circum-galactic medium.
2 DATA AND ANALYSIS
The data reduction and methods follow Paper I and Paper III. Here
we summarize the major steps taken, but refer the reader to those
papers for details. We first discuss the sample (§ 2.1), the data
reduction, and the continuum fitting (§ 2.2). We then discuss how
we fit the line profiles of the Si iv 1402Å doublet to derive important
velocity-resolved relations (§ 2.3). Finally, in § 2.4 we describe how
we use O i 1302Å, Si ii 1304Å, S ii 1250Å, and Si iv 1402Å column
densities, alongwithCLOUDY photoionizationmodels, to derive the
metallicities, densities, and ionization corrections of the outflows.
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2.1 Sample selection
We select the eight galaxies from Paper I that have COS spectra
with a signal-to-noise ratio greater than five at 1380 Å (near the
Si iv line; the median signal-to-noise ratio of the sample is 11); a
measured central velocity less than 0 at the 1σ significance for the
O i 1302, Si ii 1304, S ii 1250, and Si iv 1402 Å lines; and are
not contaminated by geocoronal emission at both the O i 1302 and
Si ii 1304 Å absorption lines. The most crucial, and constraining,
requirement is that we cleanly observe all of the transitions because
multiple transitions with different ionization potentials constrain
the ionization structure and metallicity of the outflow. These cuts
produce a sample of eight high-quality spectra that are kinematically
defined as outflows. A list of the previous Hubble Space Telescope
proposal identifications and references for each galaxy is given in
Table 1.
Since COS is a circular aperture spectrograph, the spectral res-
olution varies depending on the size of the target, with the resolution
of our sample varying from 21 km s−1 to 58 km s−1, as measured
from the Milky Way absorption lines (Paper I). In Paper I we cal-
culate the star formation rates (SFR) and stellar masses (M∗) of the
host galaxies, assuming a Chabrier initial mass function (Chabrier
2003), using archivalWISE (Wright et al. 2010) and GALEX (Mar-
tin et al. 2005) observations (Buat et al. 2011; Jarrett et al. 2013;
Querejeta et al. 2015). These values are recorded in Table 1. While
the sample is small, it represents the only high signal-to-noise spec-
tra in the HST archive for which we can accurately calculate the
mass outflow rates.
2.2 Observations and continuum fitting
The COS spectra are processed through the CalCOS pipeline, ver-
sion 2.20.1, and downloaded from theMAST server. The individual
exposures are combined and wavelength calibrated following the
methods outlined in Wakker et al. (2015). The spectra are normal-
ized, binned by 5 pixels (a spacing of 10 km s−1), and smoothed by
3 pixels.
A linear combination of multi-age, fully theoretical STAR-
BURST99 models (Leitherer et al. 1999, 2010), computed using the
WM-Basic stellar library and the Geneva stellar evolution tracks
with high-mass loss (Meynet et al. 1994), are fit to the spectra fol-
lowing the methods of Paper I.We simultaneously fit for the redden-
ing along the line-of-sight using a Calzetti extinction law (Calzetti
et al. 2000). We use these fits to remove contributions from the
stellar continuum, set the zero-velocity of the absorption lines, and
to describe the number of ionizing photons in the photoionization
models below.
2.3 Line profile fitting
For each galaxy we simultaneously fit the velocity-resolved Si iv op-
tical depth (τ) and covering fraction (C f ) to describe the variation
of the line profile with velocity. The radiative transfer equation de-
fines the flux (F) at a given velocity in terms of the C f and the τ at
that velocity as
F(v) = 1 − Cf (v) + Cf (v)e−τ(v) (1)
If there is a doublet, where the transitions share the same C f and the
ratio of the two optical depths is equal to the ratio of their f -values,
then a system of equations solves for both C f and τ independently
(Hamann et al. 1997). We use the Si iv doublet to form a system of
equations and solve for the velocity-resolved C f and τ in terms of
the flux of the Si iv doublet as
Cf (v) = FW(v)
2 − 2FW(v) + 1
FS(v) − 2FW(v) + 1
τ(v) = ln
(
Cf (v)
Cf (v) + FW(v) − 1
) (2)
Where FW is the STARBURST99 continuum normalized flux of the
weaker doublet line (Si iv 1402Å), and FS is the continuum normal-
ized flux of the stronger doublet line (Si iv 1394Å). The τ and C f
errors are calculated by varying the observed fluxes by a Gaussian
kernel centered on zero with a standard deviation equal to the error
on the fluxmeasurement. We then recalculate the τ and C f values at
each velocity interval, and repeat the procedure 1000 times to form
τ and C f distributions. We take the standard deviation of these dis-
tributions as the velocity-resolved τ and C f errors. To increase the
signal-to-noise ratio, we further bin these profiles by two pixels. The
τ and C f distributions for each galaxy are shown in § A. Now, we
fit physically motivated, velocity-resolved models to the observed τ
and C f distributions.
To fit the τ profile we assume that the Si iv density (n4) follows
a radial power-law such that
n4 (r) = n4,0
(
r
Ri
)α
(3)
where n4,0 is the Si iv density at the base of the outflow, Ri is the ini-
tial radius of the outflow, and α is an unknown power-law exponent.
As discussed in Paper III, a power-law distribution with α = −2
is expected if the outflow is mass-conserving. In this scenario, the
density falls as 1/r2 as the mass in a thin shell is spread over a suc-
cessively larger surface area as it moves out in the flow. This radial
declinemay be due to either deviations in geometry from spherically
symmetric outflow geometries or because mass is removed from the
flow as it propagates outward. In the local galaxy M 82, Leroy et al.
(2015) find a steep density power-law, with an α between −3 and
−5, implying that the outflow is not a mass-conserving flow. There-
fore, Equation 3 is general, and allows for either a mass-conserving
outflow (α = −2) or one that does not conserve mass (α < −2).
Since C f measures the fraction of the continuum area covered
by the absorbing gas, C f will change as the solid angle of the
absorbing clouds change (Martin & Bouché 2009; Steidel et al.
2010). We fit the covering fraction with a radial power-law such
that
Cf (r) = Cf (Ri)
(
r
Ri
)γ
(4)
where Cf (Ri) is the covering fraction of the outflow at Ri,and γ
is the power-law exponent that measures the decline of C f with
radius. As gas moves away from the continuum source, the total
area at a given radius increases. If the clouds remain the same size,
this geometric dilution will cause C f to fall as r−2. However, if the
clouds expand adiabatically some of the geometric dilution can be
offset, and C f declines more gradually. In Paper III, we measure
a γ of -0.8 from the Si iv profile of NGC 6090, consistent with
expectations of adiabatically expanding clouds in an adiabatically
expandingmedium.Moreover, Steidel et al. (2010) fit theC f profiles
of z ≈ 2 Lyman Break Galaxies and find γ values between −0.2 and
−0.6.
The radial velocity structure of these lines are unknown, a
priori, and we assume that the velocity follows a β-law (Lamers &
MNRAS 000, 1–11 (2016)
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Cassinelli 1999) such that
v(r) = v∞
(
1 − Ri
r
)β
(5)
where v∞ is the measured terminal velocity of the outflow. A β-law
is commonly used to describe stellar winds (Lamers & Cassinelli
1999). Analytic relations from Murray et al. (2005) suggest that
driving outflows with optically thin radiation pressure or ram pres-
sure lead to a β near −0.5, consistent with the Si iv profile from
NGC 6090 Paper III. We simplify Equations 3-5 by introducing the
normalized quantities w = v/v∞ and x = r/Ri to give the relation
for the normalized velocity as w = (1 − 1/x)β .
As found in Paper III, the equivalent width ratios of the
Si iv 1394Å and Si iv 1402Å lines indicate that the Si iv is not
heavily saturated. Therefore, we simultaneously fit the observed
velocity resolved optical depth and covering fraction, assuming a
Sobolev optical depth (Sobolev 1960; Lamers & Cassinelli 1999;
Prochaska et al. 2011; Scarlata & Panagia 2015), as
τ (w) = pie
2
mc
f λ0
Ri
v∞
n4,0xα
dx
dw
= τ0
w1/β−1
β(1 − w1/β)2+α
Cf (w) =
Cf (Ri)(
1 − w1/β )γ
(6)
where m is themass of the electron, f is the oscillator strength of the
Si iv 1402Å line, λ0 is the restframe wavelength of the Si iv 1402Å
line, and τ0 is a constant term that we define as
τ0 =
pie2
mc
f λ0
Ri
v∞
nH,0 χSi4(Si/H) (7)
where we have replaced n4,0 with the hydrogen density at the base
of the outflow (nH,0), the Si iv ionization fraction of the outflow
(χSi4), and the silicon to hydrogen abundance of the outflow (Si/H).
These parameters are estimated from the observed column densities
and CLOUDY models in § 2.4 below.
We fit Equation 6 to the velocity resolved τ and C f distri-
butions of the Si iv 1402Å line using MPFIT (Markwardt 2009) to
solve for τ0, β, α, γ, C f (Ri). Resonant emission decreases the C f
and increases the τ of the outflow (Prochaska et al. 2011), lead-
ing to unphysical velocity distributions if the resonance emission
is not accounted for (see gray points in § A). As in Paper III, we
use the Si ii∗ 1194Å non-resonant emission line as a proxy of reso-
nance emission, and mask-out velocities with observed Si ii 1194Å
emission. The Si ii∗ emission lines are narrow, and typically only
occupy the inner ±50 km s−1 of the profile. Therefore, low velocity
absorption–which can also be contaminated with ISM absorption
from within the host galaxy–is largely excluded from the fit. The
fitted relations describe the velocity structure of the outflowing
Si iv gas, and the profile fits for the full sample are described fully
in a future paper but are shown in § A. While most galaxies have
similar fit parameters (median plus standard deviation for β, γ, α
are 0.5 ± 0.1, −0.9 ± 0.7, −5.3 ± 2.4 respectively), one galaxy,
IRAS 08339+6517, has a C f distribution which cannot be fit by
Equation 6 (see Figure A7). Instead we force a flat unity C f dis-
tribution (γ = 0 and C f (Ri) = 1). Since IRAS 08339+6517 does
not follow Equation 6, we exclude it from our outflow discussion,
but include an upper limit of its mass outflow rate using γ = 0 and
C f (Ri) = 1 on all plots as an X. In § 4.3 we discuss this profile
further.
2.4 Photoionization modeling
The column densities of the different transitions trace the ionization
structure of the outflow. To characterize this ionization structure,
we measure column densities (N) of the O i 1302Å, Si ii 1304Å,
S ii 1250Å, and Si iv 1402 Å lines. The measured lines are weak:
the Si iv doublet equivalent width ratio is greater than 1.3 for all
galaxies (median of 1.7), while the f -value ratio is 2.0, indicating
that the Si iv 1402Å line is not overly saturated.Wemeasure column
densities assuming that the lines are partially covered, as measured
by Cf (Ri) in Equation 6. Partial coverage is important, especially
for low-mass galaxies with low covering fractions; not accounting
for partial coverage artificially decreases N. We determine N by
integrating the optical depth over a by-eye determined velocity range
using the following expression
N =
3.77 × 1014 cm−2
λ[Å] f
∫
ln
(
Cf (Ri)
Cf (Ri) + F(v) − 1
)
dv (8)
where F(v) is the STARBURST99 stellar continuum normalized flux.
We assume that C f (Ri) remains the same for each of the four tran-
sitions, consistent with the result from Paper II that the line width,
not the covering fraction, changes from transition to transition.
We fit the observed column densities to integrated column den-
sities from a large grid of CLOUDY, version 13.03, photoionization
models (Ferland et al. 2013), which use the observed STARBURST99
stellar continuum fit as the ionizing source. Additionally, we use an
expanding spherical geometry with the measured density profiles
from § 2.3. We create the CLOUDY models by varying the ioniza-
tion parameter, metallicity, and density of the outflow; and tabulate
the column densities for each model. We use CLOUDY’s H ii abun-
dances, including the Orion dust grain distribution which accounts
for depletion of metals onto grains, from Baldwin et al. (1991).
We scale these abundances between 0.01 Z and 2.5 Z to create
the grid of CLOUDY models. We then infer the best-fit ionization
parameters, metallicities, and densities using a Bayesian approach
with the O i, Si ii, S ii, and Si iv column densities from the obser-
vations and the CLOUDYmodels (Paper III). From these models we
estimate χSi iv, the outflow metallicity (Zo), and nH,0. The ioniza-
tion fractions and metallicities convert nH,0 to the Si iv density at
the base of the outflow (n4,0), which, with the fitted Si iv optical
depth and maximum Si iv outflow velocity, defines Ri (see Equa-
tion 7; Paper III). We can now calculate the masses and energetics
of the outflows.
3 MASSES AND ENERGETICS OF OUTFLOWS
Here we calculate the mass outflow rates and energetics of the
galactic outflows. In § 3.1 we consider what drives the outflows:
energy and momentum from star formation. By comparing the out-
flow mass, momentum and energy to the corresponding quantities
released through star formation, we study how efficiently outflows
remove mass and momentum from galaxies. We then consider the
physical situation of galactic outflows by asking: on which physical
scales do we observe outflows (§ 3.2)? The answer to this ques-
tion affects how we interpret the energetics of the outflows. Finally,
in § 3.3 we calculate the mass outflow rates ( ÛMo), energy outflow
rates ( ÛEo), and momentum outflow rates ( Ûpo); and derive how these
quantities scale with the stellar mass of the galaxy (§ 3.3.1).
MNRAS 000, 1–11 (2016)
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3.1 Energetics of star formation
Star formation deposits energy and momentum into gas, accelerat-
ing it out of star-forming regions (McKee &Ostriker 1977; Dekel &
Silk 1986; Murray et al. 2005). Therefore, to know the efficiency of
a galactic outflow one must know the amount of energy deposited
into the surrounding gas by star formation. For example, comparing
ÛMo to the mass of stars formed per unit time (SFR) describes how
efficiently galaxies convert gas into stars. The ratio of ÛMo to SFR
is called the mass-loading factor. Similarly, we normalize the mo-
mentum and energy of the outflow by the momentum and energy
released by star formation. Leitherer et al. (1999) give the energy
deposition rate from supernovae as
ÛESFR = 3 × 1041
(
SFR
1M yr−1
)
g cm2 s−3 (9)
andMurray et al. (2005) give the direct momentum deposition from
supernovae as
ÛpSFR = 2 × 1033
(
SFR
1M yr−1
)
g cm s−2 (10)
Where both of these relations assume one supernovae per 100 M
of stars formed. These relations only include the direct energy and
momentum from supernovae; other energy and momentum sources
may change these relations. For ÛpSFR, radiation pressure, the Sedov
Taylor phase, and stellar winds from massive stars inject at least
as much momentum as supernovae (Leitherer et al. 1999; Kim &
Ostriker 2015). Below, we normalize the mass, momentum and
energy outflow rates by their star formation quantities to study how
efficiently outflows remove mass, momentum and energy from star-
forming regions.
3.2 Which physical scales are outflows observed?
Our observations indicate that the covering fraction declines with
radius (C f ∝ r−0.9) and the observed gas density drops dramatically
with radius (n ∝ r−5.3). Further, the measured initial radii of the out-
flows indicate that they begin nearly at the size of the star-forming
regions. However, this does not mean that there is not absorption
from larger radii along the line-of-sight. The equivalent widths of
our outflows are typically 6-10 times larger than the equivalent
widths seen from studies of the circum-galactic medium (Steidel
et al. 2010; Werk et al. 2013). This means that the circum-galactic
absorption is likely blended within the outflow absorption at low,
zero, or positive velocities, contaminating trends of outflow cen-
troid velocities, as discussed in Paper I. While warm gas has been
observed out to 100 kpc in the circum-galactic medium (Steidel
et al. 2010; Tumlinson et al. 2011; Werk et al. 2014), a majority of
the gas we observe at high velocities (< -200 km s−1) likely comes
from within 300 pc of the star-forming region (Paper III).
Recently, Thompson et al. (2016) proposed a plausible sce-
nario that links outflows at small radii to circum-galactic absorption
at large radii. High-energy photons, stellar winds, and supernovae
inject energy andmomentum into the surrounding gas, thermalizing
some gas into a hot, 107 K, outflow and accelerating the residual
gas out of the star-forming region (Weaver et al. 1977; Chevalier &
Clegg 1985; Heckman et al. 2000; Cooper et al. 2008; Bustard et al.
2016). The cooler photoionized gas observed here is produced either
during the snowplow phase of the hot supernovae ejecta (McKee &
Ostriker 1977; Mac Low et al. 1989), or it is ambient gas entrained
in the hot outflow (Cooper et al. 2009). Either way, the photoionized
gas is radially accelerated, destroyed and incorporated into the hot-
ter outflow on short timescales (Klein et al. 1994; Scannapieco &
Brüggen 2015; Brüggen & Scannapieco 2016). This process "mass-
loads" the wind, increasing the mass of the hot outflow (Strickland
& Heckman 2009), and accounts for the rapid drop in Si iv density
(see § 2.3; Paper III). The hot mass-loaded phase continues out of
the disk, where it encounters and interacts with the hot ejecta from
other localized star-forming regions, producing the shocked shell-
like structures and filaments seen in recombination lines in M 82
(Shopbell & Bland-Hawthorn 1998). This hotter outflow contin-
ues out of the galaxy, undetected by the photoionized tracers here,
adiabatically and radiatively cooling as it travels out. Eventually
the hot outflow cools to temperatures near the peak of the cooling
curve where it shocks, reproducing photoionized gas at large radii
(Thompson et al. 2016).
This physical picture means that the observed outflows are
powered by the local star formation within the COS aperture, and
the outflow properties depend on the local star formation (Bordoloi
et al. 2016). Consequently, the driving source of the outflow is not
the global SFR, rather the local SFR. Our global SFRs are calculated
from a combination of the FUV and FIR luminosities (Paper I). We
cannot use this method for the local SFRs because we lack high-
resolution FUV and FIR imaging. However, we can measure the
FUV in our aperture directly from the COS spectra. Assuming that
the fraction of unobscured-to-total SFR is the same in the COS
aperture as in the galaxy as a whole we calculate:
SFRCOS = SFR × FCOSFGALEX
(11)
Where SFR is the total SFR calculated using the IR and UV lu-
minosities, FCOS is the flux in the COS aperture, and FGALEX is
the GALEX measured flux. The lowest mass galaxies have similar
SFRCOS to their total SFR because the COS aperture encloses all
of the GALEX flux, whereas the higher mass galaxies have spatially
extended star formation outside of the COS aperture. This model
assumes that the IR light follows the UV light, whereas the SFR of
high-mass galaxies may be clumpy. FCOS/FGALEX ranges from 1,
for low-mass galaxies, to 0.22, for the highest mass galaxies. The
SFRCOS values for the full sample are given in Table 1.
3.3 Mass and energy outflow rates
Here we estimate the mass, energy, and momentum outflow rates. In
Paper III, we calculate the mass outflow rate ( ÛMo) at each velocity
interval using the profile fitting and the photoionization modelling
as
ÛMo(r) = ΩCf (r)v(r)ρ(r)r2
ÛMo(w) = ΩCf (Ri)v∞µmpnH,0R2i
w
(1 − w1/β)2+γ+α
(12)
Where µmp is is the average mass per nucleon, or 1.4 times the
proton mass for standard abundances (Asplund et al. 2009); w is the
velocity normalized by v∞; andΩ is the solid angle occupied by the
outflow, which we assume is 4pi because a locally driven outflow is
not yet collimated by the disk. The relations for C f (r) and ρ(r) are
taken from the profile fitting (Equation 2 and Equation 3), and the
values for nH,0 and Ri are taken from the photoionization modeling
(§ 2.4) and Equation 7, respectively. The total mass at each velocity
interval is similarly calculated as
Mo(w) = ΩCf (Ri)µmpnH,0R3i
(
1
1 − w1/β
)3+α+γ
(13)
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We then calculate the energy outflow rate ( ÛEo) using Equation 12
as
ÛEo(w) = 12
ÛMo(w)v2∞w2 (14)
and the momentum outflow rate ( Ûpo) as
Ûpo(w) = ÛMo(w)v∞w (15)
These four quantities are velocity resolved. Specifically, ÛMo in-
creases at low-velocities and decreases at high-velocities, reaching
a maximum ÛMo at intermediate velocities. The increase in ÛMo hap-
pens as the velocity and radius increase, and the decrease happens
as the density and covering fraction decrease (Paper III). Here, we
take the maximum value of each quantity as the estimate of the
quantity. This means that the reported values in Table 1 and in each
figure are calculated at specific velocities that correspond to their
maximum values. We choose the maximum value as the representa-
tive value because a radially accelerated outflow implies that the ÛMo
in each velocity interval is a snapshot of the ÛMo at a given velocity
(or equivalently radius or time). Further, if the decrease in density
is due to a phase change (photoionized gas to a hotter phase), then
the decrease in ÛMo actually represents a transfer of ÛMo from the
photoionized phase to a hotter phase. In this case, the maximum
ÛMo represents the time when the photoionized outflow is the largest
contributor to the total ÛMo of the galaxy.
The errors of each quantity are calculated by varying the es-
timated parameters of Equation 12 by a Gaussian distribution cen-
tered on zero with a standard deviation corresponding to the pa-
rameters’ measured errors. We then recalculate the ÛMo value with
these Monte Carloed values, and repeat the procedure 1000 times to
form a ÛMo distribution. We take the standard deviation of this dis-
tribution as the errors on ÛMo and propagate the errors accordingly
for Ûpo and ÛEo. The errors are larger for low-mass galaxies because
narrow absorption line profiles are challenging to determine the
density scaling (α), which leads to larger uncertainties in α and
ÛMo. We normalize each of the quantities by the SFR, star formation
energy deposition rate (Equation 9) and star formation momentum
deposition rate (Equation 10) within the COS aperture to determine
how efficiently outflows remove these quantities from star-forming
regions (see Table 2 for the values).
3.3.1 Scaling relations
Here, we study how the masses and energetics of outflows scale
with the stellar mass of their host galaxies. With only a sample of
seven galaxies, more high-quality data is required to confirm these
relations, but we do find statistically significant correlations. As
discussed in § 4.3, we exclude IRAS08339 from the fits because the
line profile does not follow the model of § 2.3, and upper-limits of
the ÛMo estimates are shown on the plots as an X, assuming γ = 0
and C f (Ri) = 1. Figure 1 shows the scaling of the mass-loading
factor with stellar mass. Over-plotted in black is the least-squares fit
to the relation, with the 95% confidence interval as the gray region.
This trend corresponds to a relation of
ÛMo
SFRCOS
= 0.76 ± 0.20
(
M∗
1010 M
)−0.43±0.07
(16)
The fit is significant at the 3σ significance level (p-value < 0.001),
and has a coefficient of determination (R2) of 0.88, where an R2 of
1.0 implies that the fit describes 100% of the variation. The relation
has a residual standard error of 0.26 dex.
Figure 1. The scaling of the maximum mass-loading factor ( ÛMo/SFRCOS)
with stellar mass (M∗). The line gives the least squares regression fit to
the circles (see Equation 16), while the gray region is the 95% confidence
interval of the fit. The X is IRAS 08339+6517, a high-mass merger that is
not fit by the line profile model of Equation 6 (see § 4.3).
Several simulations scale the mass-loading factor by the cir-
cular velocity (vcirc) of the galaxy (e.g., Somerville & Davé 2015).
Since we do not measure vcirc for our sample, we rescale M∗ into
vcirc using the Tully-Fisher relation from Reyes et al. (2011). Doing
this, we find
ÛMo
SFRCOS
= 1.12 ± 0.27
(
vcirc
100 km/s
)−1.56±0.25
(17)
Similarly, Figure 2 gives the scaling of the momentum efficiency
with M∗ as
Ûpo
ÛpSFR
= 0.42 ± 0.12
(
M∗
1010 M
)−0.36±0.07
= 0.58 ± 0.15
(
vcirc
100 km/s
)−1.39±0.26 (18)
which is significant at the 2.5σ level (p-value < 0.006), and has an
R2 of 0.85. Finally, in Figure 3 we show the variation of the outflow
energy efficiency with M∗, which has a scaling relation of
ÛEo
ÛESFR
= 0.03 ± 0.01
(
M∗
1010 M
)−0.28±0.07
= 0.04 ± 0.01
(
vcirc
100 km/s
)−1.02±0.27 (19)
This relation is only significant at the 2σ level (p-value < 0.01),
and has an R2 of 0.74. We do not consider this relation signifi-
cant, but an inverse relation exists such that low-mass galaxies have
higher energy efficiencies (the trend has a Kendall’s τ coefficient
of −0.71). These relations describe how efficiently photoionized
MNRAS 000, 1–11 (2016)
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Figure 2. The outflow momentum efficiency ( Ûpo/ ÛpSFR) with stellar mass
(M∗). The line gives the least squares regression fit to the circles (see
Equation 18), while the gray region is the 95% confidence interval of the fit.
The X is IRAS 08339+6517, a high-mass merger that is not fit by the line
profile model of Equation 6 (see § 4.3).
outflows remove mass, momentum and energy from star-forming
regions.
4 DISCUSSION
4.1 Comparison to previous observations and simulations
The most important results of this study are the values of the mass
outflow rate, the momentum outflow rate, and the energy outflow
rate (Table 2) that are estimated using observationally motivated
values for the outflow metallicity, ionization fraction, and radius.
Additionally, we use this small sample to find significant (>2.5σ)
scaling relations between the mass (Figure 1) and momentum (Fig-
ure 2) of the photoionized outflows and the stellar mass of their host
galaxies (M∗).
The mass-loading values found here are broadly consistent
with the wide range of mass-loading factors found in the literature
(Rupke et al. 2005; Weiner et al. 2009; Rubin et al. 2014). Three
of the galaxies studied here are included in the Heckman et al.
(2015) sample, which calculates ÛMo assuming a constant outflow
column density of 1020.85 cm−2, a constant outflow metallicity of
0.5 Z , and that the outflow radius is a constant factor of two times
the radius of the star-forming region. Our estimates of the mass-
loading factors for these three galaxies are, on average, a factor
of three times smaller than theirs, however, the difference has a
large range: between an over-estimate of 1.04 and 5.7 times. This
discrepancy is largely due to our observationally motivated radii,
metallicities, and ionization corrections (Paper III), which vary by
factors of 3, 10 and 3, respectively, for the sample. Heckman et al.
(2015) find a statistically weak correlation between ÛMo/SFR and
vcirc of ÛMo/SFR = 1.8 (vcirc/100 km s−1)−0.98. This relation has
Figure 3. The outflow energy efficiency ( ÛEo/ ÛESFR) with stellar mass (M∗).
We do not find a significant correlation between ÛEo/ ÛESFR andM∗, although
there is a trend such that higher mass galaxies have lower ÛEo/ ÛESFR. The X
is IRAS 08339+6517, a high-mass merger that is not fit by the line profile
model of Equation 6 (see § 4.3).
a normalization that is 1.6 times larger and a shallower scaling
than Equation 17. Crucially, by not accounting for galaxy-to-galaxy
variations in the metallicities, ionization corrections and radii, pre-
vious studies may introduce up to a factor of 10 scatter into the ÛMo
relations, possibly obscuring trends.
We also compare these results to relations typically used in
simulations. Simulations use a variety of scaling relations to drive
galactic outflows (Somerville & Davé 2015), including scaling the
mass-loading factor as v−1circ (Oppenheimer & Davé 2008; Dutton
2012) or as v−2circ (Benson et al. 2003; Somerville et al. 2008). In
Figure 4 we over-plot the Somerville et al. (2008) relation on our
ÛMo estimates as a dot-dashed line. This relation is steeper and has
a larger normalization than the observations presented here.
Recent high-resolutions simulations produce outflows without
explicitly scaling the outflow properties to the host galaxy. One ex-
ample of this is the FIRE simulation (Hopkins et al. 2014), which
finds the mass-loading factor to scale as M∗−0.35 when they calcu-
late ÛMo at 0.25 Rvir (Muratov et al. 2015), as shown by the dashed
line in Figure 4. The scaling of this relation is statistically similar
to Equation 16, but the normalization is 4.6 times larger. However,
we caution that the value of ÛMo from the simulations depends on
the radius used to calculate ÛMo, with ÛMo varying by a factor of 4
whether it is calculated at Rvir or at 0.25Rvir (Muratov et al. 2015).
The discrepancy between our observations and the simulations does
not necessarily mean that the simulation drives outflows that are too
large: if other phases like the molecular gas, Ovi coronal gas, or hot
X-ray-emitting plasma substantially contribute to the mass and mo-
mentum of the outflow, than our observed outflows do not account
for the entire mass outflow. Future simulations that track the phase
structure of outflows (e.g. molecular, photoionzied, transitional, and
hot gas) can compare the mass-loading factors in different ioniza-
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Figure 4. Comparison of the observed mass-loading factors ( ÛMo/SFRCOS)
with typical relations from simulations. The solid line gives the least squares
regression fit to the circles (see Equation 16), while the gray region is the
95% confidence interval of the fit. The dashed line shows the best-fit relation
from the FIRE simulations (calculated at 0.25Rvir; Muratov et al. 2015) and
the dot-dashed line shows the relation from Somerville et al. (2008) (S08).
The relations from simulations are typically a factor of five larger than the
observed photoionized outflows. The X is IRAS 08339+6517, a high-mass
merger with a line profile that is not fit by our model (see § 4.3).
tion phases to determine if the normalization discrepancy lies in
unobserved phases or in the assumptions of the simulations.
4.2 The energetics of driving galactic outflows
Driving galactic outflows in simulations is challenging. Cosmolog-
ical simulations need to account for entire galaxies with physics on
tens of kpc scales as well as detailed physics on sub-pc scales. In
particular, resolving the size of a supernova blastwave is crucial to
account for the energy and momentum of outflows because most of
the supernova energy is radiated away in these small, dense regions
when they are under-resolved (Katz 1992). The lack of resolution
prompted simulations to use computational methods, like temporar-
ily turning off cooling immediately after a supernova or converting
all of the supernova energy into kinetic energy (Navarro & White
1993; Rosdahl et al. 2016), to eliminate overcooling. More recently,
simulations scale the outflow velocities and mass-loading factors to
parameters of the host galaxies (Benson et al. 2003; Oppenheimer
& Davé 2008; Vogelsberger et al. 2013; Somerville & Davé 2015),
enabling simulations to generate outflows while remaining compu-
tationally feasible.
Driving outflows using scaling relations has a logical theoreti-
cal argument: star formation transfers momentum or energy into the
surrounding gas which accelerates the gas out of the galaxy. If ob-
servations can relate the transfer of momentum from star formation
to the outflow, then simulations will drive realistic outflows using
moderate computing resources. Typically, star formation is assumed
to drive outflows by imparting momentum to the gas as
Ûpo = ÛMovo = ζ ÛpSFR (20)
where vo is the outflow velocity and ζ is the fraction of the total
momentum produced by star formation ( ÛpSFR) that is transferred to
the outflow.
Our sample has large ζ values: the median momentum of the
outflow is 68% of the momentum that is directly injected by super-
novae. Moreover, outflows from galaxies below log(M∗) of 9 have
more momentum than provided by supernovae alone. Stellar winds,
the Sedov Taylor phase, and radiation pressure also add momen-
tum to the gas, where STARBURST99 models imply that radiation
pressure and stellar winds add at least as much momentum as super-
novae (Leitherer et al. 1999). Additionally, Equation 10 may under-
estimate the total amount of momentum injected by supernovae by
up to a factor of 10 during the Sedov-Taylor phase (Hopkins et al.
2014; Kim & Ostriker 2015; Kim et al. 2017). These phases are
crucial for understanding the amount of momentum transferred to
the outflow.
Regardless, Ûpo/ ÛpSFR values greater than one require more
sources of momentum than just the direct momentum from su-
pernovae to produce the observed outflow momenta (Hopkins et al.
2012). The roles of different momentum sources are explored in H ii
regions of the Large and Small Magellanic Clouds where observa-
tions suggest that pressure from warm gas dominates the energetics,
but there are also significant contributions from hot gas pressure
and radiation pressure from dust at small radii (Lopez et al. 2011,
2014). At a radius of 75 pc, Lopez et al. (2014) find that the domi-
nant pressure source changes from radiation pressure to the thermal
pressure of warm gas. The lower-mass galaxies tend to have small
Ri (Table 2), which may indicate that ÛpSFR is different for these
low-mass galaxies. Further, Equation 10 assumes that the observed
star formation drives the observed outflows. The timescales defined
by the velocity law imply that the gas is accelerated to terminal
velocities in 1 − 10 Myr (Equation 5), which is shorter than the
100 Myr timescales of the IR and UV SFRs. Therefore, bursty star
formation may impart different Ûpo than assumed in Equation 10.
Theory typically solves Equation 20 by assuming that vo scales
linearly with vcirc, that ÛpSFR is proportional to the SFR (Equa-
tion 10), and that ζ is constant (Murray et al. 2005). Placing these
assumptions into Equation 20 and solving for ÛMo/SFR gives a scal-
ing of v−1circ, which is often called a momentum driven outflow
(Murray et al. 2005). A similar argument is made using the energy
from star formation to derive the scaling of the mass-loading for an
energy driven outflow as v−2circ. Simulations often use these relations
to produce galactic outflows (§ 4.1).
However, our observations indicate that the situation is more
nuanced because the momentum efficiency is not constant with
M∗. The normalized momentum flux of SBS 1415+437, the low-
est mass galaxy, is 20 times larger than the highest mass galaxy,
NGC 6090. Furthermore, the scaling of the momentum efficiency
with M∗ (Equation 18) indicates that momentum is either more eas-
ily dissipated in high-mass galaxies, or star formation injects more
momentum in low-mass galaxies.
Gravitational drag could dissipate momentum. For example,
the inward momentum deposition due to gravity ( Ûpg) is equal to
the retarding force of gravity (Fg). If we assume a spherical mass
distribution, the net force on the outflow is given as
Ûpo = ÛpSFR −
Mov2circ
Ri
(21)
Assuming that the bulk of outflowing mass (Mo) is at Ri (Paper
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Figure 5.Asimplifiedmodel describing the relationship between the outflow
momentum ( Ûpout; in units of g cm s−2) and the net force acting on the outflow
(see Equation 21; in units of g cm s−2). This simple model uses the observed
star formationmomentum to accelerate the outflowwhile gravity counteracts
this acceleration to describe the observed outflow momenta.
III), we use the Ri and Mo values from Table 2 to test whether this
simplifiedmodel roughly reproduces the observed outflowmomenta
(Figure 5). This model does have a few limitations. First, the Ri
values are sufficiently small such that the enclosed regions might
not sample the full dark matter profile, and the gravitational force
may not be accurately modeled by vcirc. The model also does not
account for the fact that low-mass galaxies have larger Ûpo than
ÛpSFR, implying that supernovae are not the only momentum source
accelerating these outflows (see the discussion above). This fact
is partially offset because low-mass galaxies have lower covering
fractions, possibly reducing the total amount of ÛpSFR transferred to
the outflow. Regardless, this simplified model has a relationship that
is significant at the 3σ significance, consistent with a unity slope,
an R2 of 0.85 and a Kendall’s τ coefficient of 0.89. A simple model
where gravity dissipates momentum from the outflow may explain
the observed decrease in Ûpo/ ÛpSFR with increasing M∗.
The energy efficiencies ( ÛEo/ ÛESFR) of the outflows range be-
tween 0.9-21%, implying that most of the energy from supernovae
is dissipated by gravity, radiated away, or not in the photoionized
phase. The ÛEo/ ÛESFR values are consistent with the 1-10% often
found in numerical simulations (Thornton et al. 1998; Efstathiou
2000). Importantly, ÛEo/ ÛESFR of the photoionized outflows increases
with decreasing M∗ such that low-mass galaxies drive more effi-
cient galactic outflows than high-mass galaxies. The combination
of more efficient outflows and shallower potentials means that low-
mass galaxies more efficiently remove gas from their star-forming
regions (Dekel & Silk 1986).
Mass-loading factors above one indicate that the outflows de-
plete the gas within the galaxy more than the star formation does.
Equation 16 implies that the mass-loading factor exceeds one when
log(M∗) is less than 9.7. Outflows regulate the gas depletion of
low-mass galaxies; star formation regulates the gas depletion of
high-mass galaxies. This critical stellar mass is similar to the stellar
mass found in Paper I, belowwhich outflow velocities are faster than
escape velocities. In fact, only NGC 7714 and NGC 6090, the two
highest mass galaxies in the sample, do not have Si iv absorption
at velocities greater than three times their vcirc, a typical estimate
of the escape velocity (Heckman et al. 2000). Since the outflow
is accelerated radially, the model presented here defines whether
outflows escape the gravitational potential differently than previous
models. In fact, with a radially accelerated outflow, each velocity
interval is a snapshot of the outflow in time (or radius, or velocity)
which may be accelerated to higher velocities at later times. Un-
fortunately, the density also declines rapidly with radius, making it
impossible to observe whether the outflows from the highest-mass
galaxies reach the escape velocity.
Galaxies in this sample with log(M∗) less than 9.7 have out-
flows that deplete more gas than their star formation does at veloc-
ities high enough to completely remove the gas from the galaxies.
This may produce the bursty star formation histories of dwarf galax-
ies (Mateo 1998) by removing most of the gas in a single burst of
star formation (Dekel & Silk 1986). Conversely, high-mass galaxies
retain their outflows, and the gas reaccretes onto the galaxy as a
galactic fountain (Shapiro & Field 1976), providing a secondary
source of star-forming material. Consequently, galaxies must be
massive to retain outflowing gas, to efficiently convert gas into
stars, and to have relatively constant star formation histories. Since
star formation dominates the gas depletion in galaxies with halo
masses greater than 1011.4 M (Moster et al. 2010), these galaxies
retain a higher fraction of their total baryons as stars (i.e. they have
a higher M∗/Mhalo ratio). The observed M∗/Mhalo relation peaks
near 1012 M (Moster et al. 2010) and declines at higher masses
as AGN feedback becomes important, or as the halo becomes mas-
sive enough to shock heat accreting gas to high temperatures (so
called hot-mode accretion; Kereš et al. 2009). Outflows are a signif-
icant component of galaxy evolution by shaping their star formation
histories, regulating their gas content, and removing their baryons.
4.3 The curious case of IRAS 08339+6517
A curious outlier to the above trends is the high-mass merging
system IRAS 08339+6517. This galaxy has an anomalously low
mass outflow rate, but extremely high outflow velocity. In Paper
I we define a group of outflows with maximum velocities greater
than 750 km s−1, that have outflow velocities 32% higher than other
galaxies at similar stellar mass and SFR. IRAS 08339+6517 is the
only galaxy in this sample that is in that high-velocity group. What
makes IRAS 08339+6517 such a strange galaxy?
The power of the detailed profile fitting presented here is that
we can differentiate groups of outflows based on the model fits to
the absorption profile. The line profile of IRAS 08339+6517 does
not fit the prescription in § 2.3 largely because C f does not vary
coherently with velocity, as prescribed by the power-law scaling
(see Figure A7). This is in sharp contrast to the rest of the sample
(see § A), which have similar C f distributions with a C f power-
law exponent (γ) of -0.88. To derive an upper limit to ÛMo for
IRAS 08339+6517, we set the C f distribution by-hand to match the
observations, with γ = 0 and C f (Ri) = 1.
In Paper III we use the observed C f power-law scaling of r−0.8
to approximate the outflow as an ensemble of adiabatically expand-
ing clouds in an adiabatically expanding medium. No variation in
C f with velocity requires that the outflowing clouds expand at the
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same rate as geometric dilution. Alternatively, the high-velocity
outflows might not fit the physical picture presented in § 2.3. One
possibility is that the absorption does not correspond to outflowing
gas, rather tidal interactions have distributed gas at a wide range of
velocities along the line-of-sight, creating the unity covering of the
source in Figure A7.
NGC 7552, another merger with a high-velocity outflow
(Si ii velocity of -1043 km s−1), has a similarly flat Si ivC f distribu-
tion. Unfortunately, strong geocoronal lines contaminate the O i and
Si ii 1304 Å profile, making photoionization models impossible for
this galaxy. While two galaxies do not constitute a complete group,
their similarities suggest that the highest velocity outflows have dif-
ferent line profiles, and including different types of outflow profiles
may increase the scatter, increase measured velocities, and confuse
the derivation of trends between outflow properties and host galaxy
properties.
5 CONCLUSION
Here we calculate the mass ( ÛMo), energy ( ÛEo), and momentum ( Ûpo)
outflow rates for a sample of 7 nearby star-forming galaxies. We
use a Sobolev approximation and detailed photoionization models
to determine the quantities with fewer assumed parameters than
previous studies. These observations describe how efficiently pho-
toionized outflows remove mass and momentum from star-forming
regions. For example, galaxies in the sample with log(M∗) less than
9.7 eject more mass in their outflow than they form into stars, at
velocities that exceed their escape velocities. The momentum of
outflows from low-mass galaxies is greater than the momentum di-
rectly injected from supernovae alone, implying that there must be
additional momentum sources driving the outflows. Only 1-20%
of the energy released by supernovae is converted into the kinetic
energy of the photoionized outflow, the rest is dissipated by gravity,
radiated away, or in a different temperature phase. The values of
the mass-loading factor, Ûpo/ ÛpSFR, and ÛEo/ ÛESFR describe how effi-
ciently outflows remove gas from galaxies, and demonstrate that the
evolution of the gas content of low-mass galaxies is dominated by
galactic outflows.
We find a 3σ relation between the galactic stellar mass and
the mass-loading factor ( ÛMo/SFR; Equation 12 and Figure 1). The
Ûpo/ ÛpSFR ratio is also correlated at the 2.5σ significance with M∗
(Figure 2). The momenta are described by a simple model where
star formation drives the gas outward while gravity counteracts
the acceleration (Equation 21 and Figure 5). Additionally, low-
mass galaxies are more energy efficient than high-mass galaxies,
suggesting that dwarfs efficiently remove gas from their star-forming
regions. Themass outflow rates presented here are five times weaker
than simulations typically implement, but have similar scalings.
This normalization discrepancy is likely because we only observe
the photoionized outflow and there is a substantial amount of mass
in other outflowing phases.
In a future paper, we will discuss how the outflow metallicity,
inner radius, and density profile changeswith star formation rate and
stellar mass. These results are crucial to understanding the enrich-
ment of the circum-galactic medium, and how outflows transport
metals out of star-forming regions to establish the mass-metallicity
relationship.
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APPENDIX A: OPTICAL DEPTH AND COVERING
FRACTION PLOTS
Here we include the plots of the velocity-resolved τ (upper panels) and
C f (lower panels) for the entire sample. Fits to the lines, using Equation 6
are shown by the solid line. The velocity resolution is marked in the upper
portion of each panel.
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Figure A1. The velocity resolved Si iv optical depth (τ; upper panel) and covering fraction (C f ; lower panel) for SBS1415+437, as derived from Equation 2.
The τ is fit (solid line) assuming a Sobolev optical depth, and the C f is fit assuming a radial power-law C f , as given by Equation 6. Gray points are excluded
from the fit due to contamination of resonance emission. The spectral resolution is given as a bar in the upper portion of each panel.
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Figure A2. Same as Figure A1 but for 1 Zw 18. .
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Figure A3. Same as Figure A1 but for MRK 1486.
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Figure A4. Same as Figure A1 but for KISSR 1578.
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Figure A5. Same as Figure A1 but for Haro 11.
MNRAS 000, 1–11 (2016)
Mass and Momentum Outflow Rates 17
-400 -300 -200 -100 0
Velocity (km/s)
0
1
2
3
4
5
o
-400 -300 -200 -100 0
Velocity (km/s)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
C f
Figure A6. Same as Figure A1 but for NGC 7714.
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Figure A7. Same as Figure A1 but for IRAS08449+6517. This galaxy is not included in the analysis because the line profile cannot match the proposed model
of § 2.3
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Figure A8. Same as Figure A1 but for NGC 6090.
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